concentration and dynamics of Ca 2þ , it is vital to trace the dynamic changes in Ca 2þ levels in order to decode Ca 2þ signaling. Here, we demonstrate that G-CaMP5 serves well as an indicator for monitoring cytosolic Ca 2þ dynamics in pollen cells. Using this probe, we show that cytosolic Ca 2þ changes dramatically during pollen germination, and, as reported previously, Ca 2þ forms a tip-focused gradient in the pollen tube and undergoes oscillation in the tip region during pollen tube growth. In particular, using G-CaMP5 allowed us to capture the dynamic changes in the cytosolic Ca 2þ concentration ([Ca 2þ ] cyt ) in pollen tubes in response to various exogenous treatments. Our data suggest that G-CaMP5 is a suitable probe for monitoring the dynamics of [Ca 2þ ] cyt in pollen cells.
INTRODUCTION
Pollen germination and subsequent tube growth play an indispensable role during flowering plant reproduction by delivering two non-motile sperm cells to the ovule to effect double fertilization (Berger et al. 2008) . How pollen germination and pollen tube growth are precisely regulated is a fascinating question in plant biology. It has been shown that Ca 2þ signaling is essential for regulating pollen germination and pollen tube growth (Steinhorst and Kudla 2013) . Although the events downstream of calcium signaling remain largely unknown in the pollen tube, calcium was proposed or demonstrated to be involved in the regulation of ion transporters (Becker et al. 2004) , cytoskeletal dynamics and exocytosis (Roy et al. 1999; Parton et al. 2003; Hwang et al. 2005; Qu et al. 2013; Huang et al. 2015) , endocytosis (Helling et al. 2006) , and rigidity of the cell wall (Bosch and Hepler 2005) , and consequently controls polarized pollen tube growth.
It was reported that a tip-focused Ca 2þ gradient in the pollen tube is crucial for tube growth (Obermeyer and Weisenseel 1991; Rathore et al. 1991; Miller and Chourey 1992; Pierson et al. 1994; Pierson et al. 1996; Holdaway-Clarke et al. 1997; Messerli and Robinson 1997; Messerli et al. 2000) . Watahiki et al. 2004; Michard et al. 2011; Denninger et al. 2014; Duan et al. 2014; Hamamura et al. 2014 ). However, this technology is comparatively complex in terms of analyzing the collected images and requires the availability of specialized instrumentation. It is technically challenging to use this approach for simultaneous imaging of [Ca 2þ ] cyt and other cellular processes.
The application of G-CaMPs, which are singlewavelength non-ratiometric sensors, offers one solution to this problem (Nakai et al. 2001) . The G-CaMPs contain a circularly permutated EGFP (cpEGFP), in which the N-terminus and C-terminus of cpEGFP connect to the M13 fragment of myosin light chain kinase (M13) and CaM, respectively (Rhoads and Friedberg 1997; Romoser et al. 1997; Mori et al. 2000 pollen cells, we generated a G-CaMP5 expression construct driven by the pollen-specific Lat52 promoter ( Figure 1A ). Almost half of the pollen tubes exhibited fluorescence when pollen derived from heterozygous plants harboring Lat52::G-CaMP5 were germinated on solid germination medium ( Figure 1B ), which suggests that the expression of Lat52::G-CaMP5 does not have any obvious negative effects on pollen development and subsequent germination. In support of this notion, pollen derived from homozygous plants expressing Lat52::G-CaMP5 had similar germination rates to pollen derived from wild type (WT) plants ( Figure 1C ). In addition, we determined that pollen tubes derived from homozygous plants expressing Lat52::G-CaMP5 grew at similar rates to WT pollen tubes ( Figure 1D ). We next carefully visualized [Ca 2þ ] cyt in pollen tubes expressing Lat52::G-CaMP5, and found that [Ca 2þ ] cyt is much higher within the apical region of the pollen tube ( Figure 1E ), consistent with previous observations that a tip-focused Ca 2þ gradient exists in growing pollen tubes (Iwano et al. 2009 ). We also tested the ability of G-CaMP5 to indicate cytosolic Ca 2þ in pollen tubes treated with the Ca 2þ ionophore A23187 (Reed and Lardy 1972) . Here, the fluorescence intensity of G-CaMP5 greatly increased in the pollen tube after the application of A23187 ( Figure 1E ; Movie S1). Together, these data suggest that G-CaMP5 can serve as an indicator for Ca 2þ imaging in the pollen tube. The re-orientation of the tip-focused Ca 2þ gradient occurs earlier than the morphological change in the pollen tube (Figure 3 ), which suggests that the reorientation of the tip-focused Ca 2þ gradient is an early event.
We next traced pollen tubes growing toward the micropyles of isolated ovules, as described previously (Palanivelu and Preuss 2006) , and confirmed that [Ca 2þ ] cyt was elevated within the apical region of the pollen tube when the tip of the tube closely approached the isolated ovule ( Figure S1 ; Movie S4). Thus, the data suggest that G-CaMP5 is a suitable indicator for monitoring the dynamics of [Ca 2þ ] cyt in the pollen tube during its normal growth and turning.
[Ca 2þ ] cyt undergoes dramatic changes within pollen grains during germination Given that Ca 2þ is also involved in the regulation of pollen germination (Taylor and Hepler 1997) , we wondered whether G-CaMP5 would allow us to perform initially at the germination aperture and subsequently expands to the entire pollen grain ( Figure 4C ). After protrusion of the pollen tube, [Ca 2þ ] cyt declines to the basal level in the pollen grain while the tip-focused Ca 2þ gradient is established in the nascent germinated pollen tube ( Figure 4C ). These results suggest that G-CaMP5 serves well as an indicator for Ca 2þ imaging during pollen germination. Figure 5A ; Movie S6). It was earlier reported that treatment with caffeine causes a rapid dissipation of the tip-focused calcium gradient in lily pollen tubes (Pierson et al. 1996) . To examine whether we could capture the change in [Ca 2þ ] cyt during this process, using G-CaMP5, we The tip-focused calcium gradient finally recovered, but the calcium level oscillated violently ( Figure 5B ; Movie S7). This finding is consistent with previous reports (Pierson et al. 1996; Lazzaro et al. 2005) . It was reported previously that the activity of calcium-permeable channels is regulated by actin dynamics (Wang et al. 2004; Zhang et al. 2007 ), but the mechanism underlying this process remains largely unknown. We next tested whether we could visualize the changes in [Ca 2þ ] cyt in pollen tubes treated with latrunculin B (LatB), which sequesters actin monomers. We treated pollen tubes expressing Lat52::G-CaMP5 with 500 nM LatB and determined that [Ca 2þ ] cyt increased in the pollen tube, and the apical region with higher free [Ca 2þ ] cyt became enlarged ( Figure 5C ; Movie S8).
Monitoring the changes in [Ca
These data suggest that it is straightforward to use G-CaMP5 to monitor the dynamics of calcium in the pollen tube in response to various stimuli.
DISCUSSION
In this study, we demonstrate that G-CaMP5 is a suitable indicator for Ca 2þ imaging in pollen cells. Our observations suggest that G-CaMP5 is a very sensitive indicator for Ca 2þ imaging in pollen cells. For instance, we were able to capture the changes in cytosolic Ca 2þ during pollen germination and pollen tube growth.
Compared to the ratiometric YC3.6, image acquisition and subsequent processing using the single-wavelength non-ratiometric sensor G-CaMP5 is very straightforward. In support of this conclusion, we were able to visualize the dynamics of Ca 2þ after the exogenous application of various agents, such as H 2 O 2 , caffeine and Latrunculin B. In future studies, G-CaMP5 will serve as an ideal probe for examining the regulation of Ca 
MATERIALS AND METHODS

Plasmid construction and Arabidopsis thaliana transformation
To generate a plasmid construct that expresses the Ca 2þ probe in pollen, G-CaMP5 was amplified using the 
In vitro pollen germination and quantification
In vitro pollen germination was performed essentially according to previously published methods (Li et al. 1999; Wu et al. 2010) . Pollen was germinated on the surface of solid pollen germination medium (18% sucrose, 0.01% boric acid, 1 mmol/L MgSO 4 , 1 mmol/L CaCl 2 , 1 mmol/L Ca(NO3) 2 , and 0.8% agarose, pH 7.0) at 28°C. To determine the pollen germination percentage and pollen tube growth rate, pollen derived from wild type, homozygous and heterozygous plants expressing Lat52::G-CaMP5 were observed under an IX71 microscope (Olympus) equipped with a Â10 objective after germinating for 2 h and 3 h at 28°C. To visualize the expression of Lat52::G-CaMP5, pollen tubes within the same field were observed by epifluorescence illumination. Digital images were collected with a Retiga Exi Fast 1394 CCD camera (QImaging) using Image-Pro Express 6.3 software. Pollen germination rate and pollen tube length were measured using ImageJ (http://rsbweb.nih.gov/ij/; version 1.51) software (Wu et al. 2010 ).
G-CaMP5 imaging and analysis
Pollen grains and pollen tubes expressing Lat52:: G-CaMP5 were observed using an Olympus BX51 microscope equipped with an Andor Revolution XDh spinning disk confocal system. G-CaMP5 pollen was germinated at 28°C and pollen tubes were observed after 2 h. Images were collected using Andor's IQ2 software. G-CaMP5 was excited using a 488 nm argon laser, and the emission wavelengths were set from 505 to 545 nm. Time-lapse images were taken every 2 s. More than 20 pollen tubes and pollen grains were observed in each assay. The exogenous application of drugs was performed during the process of image collection. At least 10 pollen tubes were observed in each drug treatment assay. Image processing, such as the generation of montages, was performed using ImageJ software. Kymographs were generated with the Multiple Kymograph plugin in ImageJ software. Simultaneous quantification of the pollen tube growth rate and the fluorescence intensity of apical [Ca 2þ ] cyt was according to the method described previously (Qu et al. 2017) .
Semi-in vivo pollen germination
Semi-in vivo pollen germination was performed essentially referring to previously published methods (Palanivelu and Preuss 2006) . Briefly, the buds of WT plants were emasculated the night before pollination with pollen expressing Lat52::G-CaMP5. The pollinated pistils were cut with surgical scissors, at the junction between the style and ovary, and placed on pollen growth medium. WT pistils were held on doublesided tape and ovules were excised under a dissection microscope with a needle. Ovules were immediately placed 2 mm from the cut pistil on pollen germination medium. Pollen tubes emerged from the pistil for 3 h after pollination at 23°C. Pollen tubes were observed under an IX-81 microscope (Olympus) equipped with a Â10 objective by TIRF (total internal reflection fluorescence) illumination, and digital images were taken with a Photometrics cascade II 512 CCD camera (Major Instruments) using LAS AF software. This movie corresponds to the diagram shown in Figure 5C . Images were collected at 2-s intervals and compressed into a movie with a display rate of 20 frames per s. 500 nM Latrunculin B was added at 0 s. Scale bar ¼ 10 mm.
Scan using WeChat with your smartphone to view JIPB online Scan with iPhone or iPad to view JIPB online
